ABSTRACT: Projections for the 21st century suggest that climate change will be associated with changes in the frequency and intensity of weather and climate extremes (e.g. heat waves, droughts, heavy precipitation events). In the already warm summertime eastern Mediterranean and Middle East (ΕΜΜΕ) climate change may involve mechanisms and feedbacks that cause or intensify hot weather events. A potentially important feedback mechanism involves soil moisture− atmosphere interactions. When the soil water content and evapotranspiration are decreased, nearsurface air temperatures are enhanced due to reduced evaporative cooling. Here we show the importance of this mechanism, especially in the northern part of the EMME, using the output of a regional climate model (HadRM3P). We applied the classical hydrology framework to define evapotranspiration regimes as a function of soil moisture and latent heat fluxes. Further, we used the correlation of summer maximum temperature and evapotranspiration as a diagnostic of this coupling, and we performed a composite analysis of maximum temperature for the dry and wet years of our dataset. Since temperature and precipitation regimes are expected to change in the EMME, we considered alterations of the relationship between soil moisture and the maximum temperature throughout the 21st century. 
INTRODUCTION
The latest Assessment and Special Reports of the Intergovernmental Panel on Climate Change (IPCC 2007 suggest that since 1950 the number and intensity of heat waves have generally increased and warm nights have become more frequent over most land areas. IPCC climate projections indicate that this trend is very likely to continue in the 21st century. The recent European heat waves of 2003 , in Russia in 2010 and in the USA in 2012 seem to corroborate that these events are expressions of global warming on a regional level. Barriopedro et al. (2011) characterizes the 2003 and 2010 events as 'mega-heatwaves', indicating that these cases likely broke the 500 yr seasonal temperature records over approximately 50% of Europe. Increased mortality, energy and water shortages and crop failures are some of the main impacts of heat waves, which may be more widespread than other severe weather phenomena (Klinenberg 2002) . Additionally, as the global population grows (United Nations 2011) and urbanization continues (Grimm et al. 2008) , the impacts of extreme heat events may be further amplified, due to the urban heat island effect (Conti et al. 2005 , Laaidi et al. 2011 ) and urban air pollution (Solberg et al. 2008 , Tressol et al. 2008 .
The occurrence and intensity of such events are related to general circulation patterns and certain atmospheric flow anomalies (Black et al. 2004 , Meehl & Tebaldi 2004 , Fink et al. 2004 , Kenyon & Hegerl 2008 , Grumm 2011 . However, a number of studies in dicate that atmospheric circulation alone cannot al ways explain temperature anomalies (Seneviratne et al. 2006b , Efthymiadis et al. 2011 , Feudale & Shukla 2011 . Factors that may amplify extreme heat events can include soil-moisture feedbacks (Seneviratne et al. 2006b , Fischer et al. 2007 , Jaeger & Seneviratne 2011 , Mueller & Seneviratne 2012 , Quesada et al. 2012 .
Particularly in the Mediterranean climate change 'hot-spot' (Giorgi 2006) , the need for research on climate extremes is pressing. Significant positive trends in temperature extremes in the region are indicated by a number of studies (Kostopoulou & Jones 2005 , Kuglitsch et al. 2010 , Efthymiadis et al. 2011 , Tanarhte et al. 2012 , and intensification of heat stress is very likely to continue throughout the 21st century (Sánchez et al. 2004 , Diffen baugh et al. 2007 , Fischer & Schär 2010 .
Regional climate projections based on the HadRM3P model (Jones et al. 2004) for the end of the 21st century show relatively large increases in mean (not shown) and maximum temperatures (Fig. 1) in the northern part of our study area. In the same regions, significant decreases in precipitation amounts are found (Fig. 2) . This combined regional heating and drying has motivated us to explore the role of soil moisture in the amplification of heat extremes in the eastern Mediterranean and the Middle East (EMME). In the present study we concentrated on the summer season, when the role of this feedback mechanism appears to be most important, and the occurrence of such events most common.
CLIMATE MODELING DATA
We used seasonal summer (June−August) data of the daytime maximum temperature at 1.5 m above the ground (T max ), surface latent heat flux (LE), net radiation (R n ), soil moisture in the root zone expressed as the degree of saturation (W ), evapotranspiration (ET) and precipitation (P). Unfortunately, there are no reliable and consistent -in time and space -observational datasets of most of the abovementioned variables available (Seneviratne et al. 2006a , Mueller et al. 2011 , Tanarhte et al. 2012 , and therefore we used model data to study their potential importance for the region. The representativeness of the model output was tested by comparing with parameters for which measurements exist. The data were obtained from the Hadley Centre HadRM3P Regional Climate Model, used to dynamically downscale the HadCM3Q0 Atmosphere−Ocean General Circulation Model results to a 25 × 25 km resolution over the EMME. The transient simulation covered the period 1951−2099 and for the future projection was forced by the Special Report on Emission Scenarios (SRES) intermediate A1B scenario (Nakicenovic et al. 2000) .
For the simulation we used the MOSES (Met Office Surface Exchange Scheme) land-surface representa- tion (Cox et al. 1999) . The near-surface temperature is derived from the surface energy balance as a diagnostic variable. The thermodynamic scheme simulates water phase changes in the soil. The vegetation canopy conductance interacts with the atmospheric flow, incoming radiation and precipitation and provides fluxes of heat and moisture to the atmosphere and rainfall runoff (Jones et al. 2004 ). The regional HadRM3P output has been extensively compared against observations in the EMME and ensemble model output for the European part of the domain, with a focus on temperature, precipitation and weather extremes (Lelieveld et al. 2012, in press ). The model has been shown to be in general agreement with the Climate Research Unit (CRU; Version TS3.0) gridded ground-based meteorological dataset, although it is somewhat cold-biased during winter and slightly warmer during the summer season. HadRM3P realistically simulates the extremes relevant to our study such as the number of consecutive dry days and the number of days with a T max > 35°C. A model inter-comparison of 9 regional climate models used in the ENSEMBLES project (www. ensembles-eu.org) indicates that our HadRM3P projection for locations in the EMME is somewhat warmer than the mean, but, overall, well within the ensemble mean range.
To investigate the impact of climate change and the role of the above-mentioned soil-moisture feedback, we performed the analysis over 2 half-century periods, the control years (CTL: 1951 (CTL: −2000 and the future scenario projection (SCN: 2050−2099). These extensive half-century periods were selected to provide ample statistics on anomalously dry and wet years.
METHODS

Evaporative regimes
In addition to the changes in summer T max and precipitation (Figs. 1 & 2) we also calculated the changes in soil moisture (saturation degree) and LE. To characterize this flux we used the evaporative fraction (EF), which is defined as the ratio of seasonal LE to total seasonal R n .
Classical hydrology (Budyko 1958 ) defines 2 distinct evaporative regimes, the soil-moisturecontrolled and the energy-limited regime (Fig. 3) . The first one encompasses relatively dry areas, where changes in soil moisture lead to changes in ET, and the second, relatively wet ones, where ET is not sensitive to variations of the soil-moisture content and is controlled exclusively by the available energy through incoming radiation. Koster et al. (2009) proposed a refined classification of the evaporative re gimes. Using the same basic concept, they suggest a division into 4 evaporative regions (Fig. 3) . In Regime A, although part of the soilmoisture-controlled re gime, the soil-moisture variation is generally too small to cause changes in the LE. Regime D, on the other hand, represents the wet energy-limited regime, where soil moisture is abundant and ET is controlled by radiation. Regime B is the transitional regime, where increases (decreases) of soil moisture lead to increases (decreases) in EF and to relatively lower (higher) surface temperatures due to the degree of evaporative cooling. Regime C can act either as Regime B or D depending on the available water content in any particular period.
We applied Koster's method using slightly different thresholds, adjusted to our region of interest and the temporal extent of our data set. The classification was based on the relationship between EF and soil-moisture (W) amounts and variability. We examined this relationship at the dry and wet ends of the soil-moisture distribution. EF dry and EF wet were defined as the values of standardized EF averaged over the driest and wettest years, respectively. As dry (wet) we considered the 10 individual years with summer soil moisture lower (higher) than the 20th (80th) percentile of each of the 2 sub-periods of our analysis (CTL and SCN). EF dry should be non zero when ET is sensitive to soil moisture, at least at the driest end (B and C regimes). Since both EF dry and EF wet are standardized anomalies, the value of their sum would be around zero only if ET is always sensitive to soil mois- To explore how realistically our analysis represents observed conditions we compared our model results with the CRU (Version TS 3.1) dataset (Jones & Harris 2008) . We used precipitation as a proxy for soil moisture. Composites of the standard normal deviates of summer T max and precipitation were computed for selected re gions (averages of approximately 1° × 1° areas), representing each eva po rative regime. We followed the Koster et al. (2009) method for the calculation of the composites for both the model results and ob servational data. For our CTL period (1951− 2000) , the amount of summer precipitation was ranked and sub-divided into 10 deciles of 5 yr. T max was averaged over each precipitation decile.
Correlation analysis
Another widely used diagnostic of the land− atmo sphere coupling is the correlation coefficient between ET and near-surface air temperature (Seneviratne et al. 2006b , 2010 , Fischer & Schär 2009 , Jaeger et al. 2009 ). When ET is controlled by soil moisture, a strong anti-correlation is expected. On the other hand, when there is abundant soil moisture, and evaporation is controlled by atmospheric conditions, the correlation is positive. Low correlations indicate no coupling. Because of our interest in heat extremes, we used T max instead of mean temperatures. We retained only the statistically significant correlations derived from the p-values of the Pearson correlation test.
Composite maps
Composite analysis is a common statistical data analysis method in climate research used in the identification, description and understanding of processes (von Storch & Zswiers 1999) . Here, we created composite T max maps for the wettest and driest cases to uncover the impact of soil-moisture extremes . T max composites were produced from the differences between the 10 driest and the 10 wettest years for each time period. In regions not sensitive to the soilmoisture feedback, this difference should have small values around zero. In addition, to examine if temperature is more sensitive on the dry or wet end, we also present the deviation between dry and wet year averages and the 50 yr climatology of T max over the 2 sub-periods. Fig. 4 illustrates the changes of soil moisture and EF between the CTL and SCN periods. The pattern of changes was similar to the changes in the mean temperature (not shown) and T max (Fig. 1) . Regions of stronger warming (Italy, the Bal kans, Anatolia) matched regions of more intensive drying in terms of precipitation (Fig. 2 ) and soil moisture (Fig. 4, left  panel) . In the same regions the mean summertime LE was reduced (Fig. 4, right panel) . These similarities in spatial patterns were a first indication of the possible linkage be tween changes in soil moisture and T max .
RESULTS
Climate change impact on soil moisture
Evaporative regimes
The evaporative regimes derived from the HadRM3P model output for the 1951−2000 period are presented in the upper panel of Fig. 5 . There was an ap parent north−south gradient, and in extended areas in the south there was no coupling between soil moisture and temperature (Regime A). This is not surprising, as the climate is arid to hyper-arid, and rainfall and soil moisture in summer are practically zero. In contrast, in the northern and relatively wetter part of the domain, ET can be controlled by soilmoisture variations (Regimes B & C). The somewhat noisy distribution of B and C regime points might be a result of the sensitivity of the model to the forcing data and the connected uncertainties in simulating moisture-related variables; a different HadRM3P simulation of shorter length, forced by an atmosphere-only global model (HadAM3P) produced a slightly different distribution of B and C grid points, but with the overall picture remaining the same (not shown). Regions under Regime D, where soil moisture is always sufficient and ET can reach its potential values depending on the available radiation, appeared to be limited to very small areas at high elevation in the Caucasus Mountains and in the Balkans.
A comparison between the model and observational composites for June−August T max and standardized precipitation anomalies is presented in Fig. 6 . This shows how realistically the model represents the temperature sensitivity to moist conditions. The selected areas used for the calculations were representative of each evaporative regime and are shown in the upper panel of Fig. 5 . Regime D was excluded from this analysis since its occurrence was not evident over extended areas, yielding insufficient statistics. The model generally captured the relationship between T max and precipitation well, especially for the sensitive B and C regimes. In agreement with the observations, positive T max anomalies were expected during periods of low rainfall and vice versa. This connection was not evident over the dry A regime sample area.
To explore to what extent the spatial distribution of the evaporative regimes may change with time, we repeated the analysis for the SCN period (Fig. 5 , lower panel) and compared with the previous results. Again, the most sensitive regions (Regimes B & C) were found in the northern EMME. It appears that the basic pattern remains similar, as about 86% of all land grid points were categorized in the same evaporative regime for both time periods. Extended areas under Regime A remained in the southern EMME, in spite of the projected increase of precipitation (Fig. 2) , which may have been large in percentage, but was too small in absolute terms to alter the regime.
The most common changes (73% of total) were those of grid points transforming from B to C regimes and vice versa. Shifts from C to B regimes were mainly found in the Balkans, in particular in Romania, the former Yugoslavia region and southwestern Bulgaria. These were the regions where the model projected the largest decreases in soil moisture (Fig. 4) . On the other hand, changes from B to C regimes were projected mainly in central-northern Turkey. This shift was caused by an increase of EF anomalies during wet years (EF wet ) in the aforementioned region, which constitutes one of the regime classification criteria (not shown). The shift from the A to D regime in the area of the United Arab Emirates (UAE) was explained by an increase of soilmoisture variability. Note that the projected increase of precipitation in this area was a robust result of climate change modeling studies, explained by a northward extension of moist tropical weather influences , being consistent with observed recent rainfall trends (Tanarhte et al. 2012 ).
The scatterplots of Fig. 7 corroborate the relationship between soil moisture and T max . They were drawn after calculation of the means of all grid points classified in each evaporative regime. As expected, the relation was stronger (statistically significant correlation coefficients at the 95% confidence level) for B and C regimes and remained unaltered for both time periods considered. Regime A grid points in the SCN period tended to increasingly represent the sensitive B regime as a result of the precipitation increase over the Arabian Peninsula. The tendency of grid points in the D regime was probably biased by the small sample in our dataset, which limited the significance.
Correlation analysis
The correlation coefficients between ET and T max for the 2 sub-periods are presented in Fig. 8 . The significant correlations (95% confidence level) are indicated with blue (positive) and red (negative) shading. For both periods, the strongest negative correlations were found in the Balkans, Turkey and the areas north and south of the Caucasus Mountains. These correlations suggest a strong coupling between soil moisture and temperature.
In general, this method provides results that are in agreement with the evaporative regime analysis in the previous section. Regions with strong negative correlations (−0.6 up to −1) approximately matched the sensitive B and C regions of the evaporative regime classification. For the CTL period (Fig. 8, left panel) , the northern part of the study area seemed to be most sensitive to this feedback mechanism. In the southern and eastern parts of the domain, correlations were close to zero and mostly not significant. For the second half of the 21st century (Fig. 8, right  panel) , the highest anti-correlations were again found in the northern part of the EMME. Compared to the CTL period enhanced anti-correlations were projected in the Balkans and the regions north and south of the Caucasus. An expansion of negative correlations, but with less significant values for the future SCN period, was found towards the southeast, over Syria and Iraq, and further east along the east coast of the Caspian Sea. 
Composite analysis
The composites for the 2 selected periods are shown in Fig. 9 . The southern part of our study area appeared to be insensitive, since the differences during the dry and wet years were negligible. On the other hand, in the northern EMME, the summer T max differences (2−8°C) in the composite maps indicated strong coupling between soil moisture and T max . Spatially the composites were projected to remain unaltered in the second half of the 21st century (cf. left and right panels in Fig. 9 ). However, changes in the magnitude of the differences were found in the northwestern Balkan area, southern Italy, regions south of the Caucasus, parts of Turkey and northern Iran. Over these regions this feedback appeared to be enhanced, as the difference in T max between the dry and wet years was increased by up to 1−2°C.
After calculating the dry and wet averages of T max for the 2 sub-periods we present their differences from the corresponding 50 yr climatology (Fig. 10) . As expected, in the southern EMME there were no significant deviations from the mean climate. This was the case for both the CTL and SCN periods. In contrast, in the more sensitive northern part of the EMME, warm anomalies (1−4°C) occurred during dry years. The maximum of these anomalies was found in the Balkan region. On the other hand, during relatively wet years, T max appeared to be up to 4°C lower than the long-term mean.
DISCUSSION AND CONCLUSIONS
The combination of the different model-based diagnostic methods of the soil moisture−air temperature coupling (classification in evaporative regimes, correlation and composite analysis) consistently suggested that the climate-change-related summer temperature increases were sensitive to variations in the soil water content, though only in the northern part of the EMME.
In Italy, the Balkans, Turkey and the region north and south of the Caucasus Mountains, soil-moisture deficits during dry years -possibly in addition to anticyclonic circulation patterns (Black et al. 2004 , Fink et al. 2004 , Meehl & Tebaldi 2004 , Grumm 2011 ) -can potentially create or at least amplify extreme temperature conditions and contribute to heat waves. Our results were consistent with the study of Koster et al. (2009) , though the latter authors did not compute or discuss the relevant regional details presented here. Our results were also consistent with the more recent observational studies of Hirschi et al. (2010;  for southeastern Europe) and Mueller & Seneviratne (2012;  a global study), which identify the presence of feedbacks between moisture availability (assessed based on the standardized precipitation index) and temperature extremes in a part of the considered region.
According to our simulation, besides some localized transitions between the B and C grid points, the spatial distribution of projected evaporative regimes did not seem to change significantly throughout the 21st century. In view of our interest 34 Fig. 9 . Composite analysis of T max . The difference between the 10 driest and 10 wettest years is shown for the control period (CTL, left) and for the future climate scenario (SCN, right) in dry and warm years, these 2 regimes showed quite similar responses. Possibly this constancy was connected with the non-dynamic vegetation scheme of the HadRM3P model and the soil properties of the land scheme, which remained unchanged throughout the simulation. The only parameters interactively simulated by the model that can alter the evaporative regimes are either changes in the soil water content or in the amount of radiation that reaches the surface. It thus remains to be investigated whether climate-changeinduced regime alterations may occur in the future, e.g. due to vegetation and soil transformations, which could potentially add to the feedbacks between soil moisture and temperature changes. An additional aspect, not accounted for, is that increasing CO 2 influences ET by the vegetation, which might be relevant to cloud formation and the surface energy and moisture budgets in the northern part of the EMME (de Arellano et al. 2012) .
The more straightforward correlation and composite analysis results were in general agreement with the regime classification. The aforementioned sensitive regions (B and C regimes) were the ones for which the strongest anti-correlations and the highest T max differences between dry and wet years were calculated. For the middle-to-end of the century, these 2 metrics indicated a small amplification of soil moisture−T max coupling. This amplification was more pronounced in the Balkan region.
Since this feedback mechanism remained strong in the northern EMME, and because precipitation was projected to decrease and soil moisture to de plete, the present results help explain why the summer T max change was larger in these regions relative to that in the southern EMME. In contrast, during winter, when soil moisture was abundant, at least in the northern EMME, the warming was more spatially uniform throughout the region. 
